Understanding how social experiences are represented in the brain and shape future responses is a major challenge in the study of behavior. We addressed this problem by studying behavioral, transcriptomic and epigenetic responses to intrusion in honey bees. Previous research showed that initial exposure to an intruder provokes an immediate attack; we now show that this also leads to longer-term changes in behavior in the response to a second intruder, with increases in the probability of responding aggressively and the intensity of aggression lasting 2 and 1 h, respectively. Previous research also documented the whole-brain transcriptomic response; we now show that in the mushroom bodies (MBs) there are 2 waves of gene expression, the first highlighted by genes related to cytoskeleton remodeling, and the second highlighted by genes related to hormones, stress response and transcription factors (TFs). Overall, 16 of 37 (43%) of the TFs whose cis-motifs were enriched in the promoters of the differentially expressed genes (DEGs) were also predicted from transcriptional regulatory network analysis to regulate the MB transcriptional response, highlighting the strong role played by a relatively small subset of TFs in the MB's transcriptomic response to social challenge. Whole brain histone profiling showed few changes in chromatin accessibility in response to social challenge; most DEGs were 'ready' to be activated. These results show how biological embedding of a social challenge involves temporally dynamic changes in the neurogenomic state of a prominent region of the insect brain that are likely to influence future behavior.
Many internal and external factors influence the nature and intensity of an individual's response to a social challenge such as a territorial intruder. Prior experience is among these factors; a social challenge not only provokes an immediate response but also can act as a reliable cue to help shape responses to further challenges of a similar nature. Identifying the mechanisms by which past experiences are represented, biologically embedded and used to modify future behavior is fundamental to the study of animal and human behavior (Hertzman 2012) .
For social animals living in a nest, burrow or other type of physical home, the appearance of an intruder signifies that their home's location is known and vulnerable to attack, threatening the loss of group members and valuable stored resources. Thus, residents respond aggressively to intruders, and these responses also increase vigilance and intensify responses to future encounters with intruders (Hsu et al. 2006; Stevenson & Schildberger 2013; Yang et al. 2001) .
How an aggressive response shapes future behavior must involve both neural and molecular control systems in the brain (Clayton 2000; Robinson 2015) . These systems affect each other: neuronal activity starts a cascade of molecular events that alters chromatin structure and gene expression (Leslie & Nedivi 2011; Malik et al. 2014) . These changes in gene expression and chromatin accessibility in turn modulate subsequent neural activity (Day & Sweatt 2011; Li-Byarlay et al. 2014) .
A variety of neural and molecular mechanisms involved in aggression have been identified (Blanchard et al. 2001; Nelson & Trainor 2007) . Aggression has been shown to affect gene expression in vertebrates and insects (Malki et al. 2016; Rittschof et al. 2014; Sanogo et al. 2012) . In addition, neural and molecular substrates are connected by endocrine systems that work together to translate social experience into biological changes that influence future behavioral responses (Robinson et al. 2008) . Such genomic responses are not limited to social challenges, but can be observed as a response to other social stimuli like those associated with courtship and mating (Cummings 2015; Fernald 2015; Fernald & Maruska 2012) . However, little is known about how genomic responses to an experience change over time (Clayton 2013) and how they might affect future behavior, which are major gaps in our understanding of biological embedding.
The Western honey bee (Apis mellifera) exhibits sophisticated social mechanisms to defend its colony, starting with the deployment of 'guards' that patrol the hive entrance for intruders. Guard bees are able to distinguish colony members from unrelated intruders by chemically based nestmate recognition mechanisms (Breed 1983) . Upon identifying an intruder, guards attack it and also release an alarm pheromone that provokes other bees, especially the 'soldier' bees, to rush to the entrance or fly out of the hive to attack (Breed et al. 1990 (Breed et al. , 2004 . Bees in colonies that have responded aggressively to an intruder will remain vigilant and more easily aggressively aroused for at least 2 h after the initial exposure to an intruder (Alaux & Robinson 2007; Moore et al. 1987) , an example of aggression-induced changes in future behavior (Hsu et al. 2006) . Guard and soldier bees are more responsive to an intruder and have distinct profiles of brain gene expression relative to less aggressive bees in their colonies (Alaux et al. 2009 ), but it is not known whether there are temporal changes in brain gene expression that relate to this increase in arousal.
We used the honey bee to further explore genomic mechanisms involved in the biological embedding of past experience and its effect on future behavior. In a previous study, using a well-established laboratory assay, we measured the whole brain transcriptomic response to an intruder 30 min after exposure to intruder and reported changes in the expression of hundreds of genes. However, it is not known whether this transcriptomic response changes over time, and how it might be associated with future behavior. In addition, given the strong role that epigenetic changes play in the regulation of other long-term changes in behavior, such as learning (Day & Sweatt 2011; Sweatt 2009 ), we were interested to explore this issue as well.
In this study, we focused our transcriptomic analysis on the mushroom bodies (MB), a region of the insect brain well-known for multimodal sensory integration, learning and memory (Fahrbach 2006; Heisenberg 2003) . We analyzed individual bees that responded aggressively to an intruder, 30, 60 and 120 min after their aggressive response in order to determine whether gene expression changes over time. We tested the hypothesis that there are coordinated changes in MB gene expression and behavior that occur in response to an intruder. To test this hypothesis, we coupled the above-mentioned transcriptomic analysis with behavioral experiments that tested the response to a second intruder, also 30, 60 and 120 min after exposure to the first one.
We also used chromatin immunoprecipitation sequencing (ChIPseq) to study the effects of intruder exposure on histone posttranslational modifications to chromatin that are associated with changes in transcriptional regulation. Histone posttranslational modifications to chromatin are mostly associated with longer-term changes, so our expectation was the changes in this short-term context will be minor. However, we also wanted to use the identified open chromatin intervals to more robustly identify cis-motifs linked to differentially expressed transcription factors (TFs) , in order to develop an understanding of the transcriptional regulatory architecture underlying the response to a social challenge.
We report dynamic time-dependent behavioral and genomic responses that implicate particular biological processes in the response to a social challenge and its effects on future behavior.
Materials and methods

Bees
Honey bee (A. mellifera) workers were obtained from colonies maintained in apiaries according to standard commercial methods by the University of Illinois Bee Research Facility, Urbana, IL, from June to August 2013 and 2014. For the behavioral experiment (Experiment 1) we used two colonies, each headed by a naturally mated queen. For the genomics experiments (Experiments 2 and 3) we used five colonies, each headed by a queen that was instrumentally inseminated with semen from a single (different) drone; because of haplodiploidy, the resulting female worker offspring were highly related to each other (average coefficient of relatedness, r = 0.75), thus decreasing within-colony genetic variation. The bees from the different colonies were not related to each other, making each colony an independent biological replicate of the experiment. One-day-old adult worker bees were obtained according to standard methods by removing frames of honeycomb containing pupae from colonies, placing them in an incubator (34 ∘ C, 50% relative humidity), and then monitoring their emergence every 24 h.
Intruder assay
Much of our knowledge of the mechanisms underlying the response of honey bees to an intruder comes from a well-established laboratory assay that accurately recapitulates behavioral and molecular responses in the field (Breed 1983 ). This includes the development of bees that mimic guard bees (Breed 1983) in responding first to an intruder. We have made use of this same assay here. Briefly, one-day-old bees were divided into groups of 10, individually marked on their thoraces with a spot of paint (Testor's PLA), and kept in clear plastic Petri dishes (100 × 20 mm). The dishes were supplied with one 2 ml tube of 30% sucrose solution and one small piece of honeycomb containing honey (containing about 6 cells). Groups were held in the incubator for 7 days prior to the beginning of the experiment. Behavioral assays were performed in an observation room under conditions (28 ∘ C, 30% relative humidity) that are within the normal range that occurs in our locality at the hive entrance, where colony defense normally occurs. The dishes of bees were placed in the observation room for at least 30 min prior the beginning of the behavioral assay for acclimatization.
To start the assay, an unrelated intruder bee was introduced to each group for 5 min, during which the response of each bee toward the intruder was recorded. Detailed scan sampling observations (Altmann 1974) of each bee were made every 10 seconds for the entire 5-min introduction period, according to a well-established scoring system described in detail elsewhere . Five different behaviors were recorded and scored based on their relative aggression intensity ranking as follows: 1 -antennation and/or trophallaxis; 2 -opening of the mandibles; 3 -chasing and/or lunging; 4 -biting the intruder; and 5 -attempting to sting or stinging (Video S1, Supporting Information). Interobserver assays were conducted to ensure that all observers involve in this study scored the behaviors similarly.
Experiment 1: effects of intruder response on future behavior
Groups of bees were each subjected to two sequential trials of the intruder assay, with either 30, 60 or 120 min intervals between each trial. Behavioral scores for each individual bee were calculated by summing the number of times each specific behavior was performed in both trials, multiplied by the intensity ranking for each behavior. The effect of intruder exposure on the probability of responding to a second intruder was calculated by comparing the observed frequencies of bees that behaved aggressively to the second intruder in aggressively or nonaggressively bees in the first trial to the expected frequency under independence conditions using 2 test followed by Bonferroni correction. The effect of intruder exposure on aggression intensity was calculated by comparing the behavioral scores in the first and second trial (based on all the above behaviors) for individual bees that behaved highly aggressively toward both intruders using a general linear model (GLM). The experiment was performed with groups from two different colonies. For Colony 1, a total of 37, 36 and 37 groups were used for the 30, 60 and 120 min interval trials, respectively. For Colony 2, a total of 33, 30 and 31 groups were used. For each group, the two trials were conducted by the same observer in order to minimize interobserver bias. The observers were blind to the results of the first trial while conducting the second trial.
Experiment 2: effects of intruder response on MB gene expression over time Groups were created as described above and assigned randomly to experimental or control treatments. For groups assigned to the experimental treatment, the intruder assay was performed as described above. For groups assigned to the control treatment, a small tube (200 μl) similar in size to a worker bee was introduced to the group; although bees occasionally inspected the object, its presence did not elicit aggression or alter their behavior in any discernable way. To prevent odors from accumulating, each tube was used only once. The intruder bee and the control tube were introduced simultaneously (each to its respective group) and removed at the end of the 5-min assay. The resident bees were then left undisturbed for 30, 60 or 120 min. A highly aggressive bee in each experimental group (responding with at least biting and/or stinging attempts for more than 30 seconds) was selected for transcriptomic analysis, and a healthy, normally behaving bee from the control group was selected randomly at the same time for comparison. Because there are inherited differences in aggressiveness in honey bees (Alaux et al. 2009) , it is possible that some of the differences between experimental and control bees are intrinsic, and not induced by intruder exposure. However, intrinsic differences are unlikely to dominate the transcriptomic profiles we report here because many of the bees in a group responded aggressively to the intruder and the transcriptomic profiles of the experimental bees showed dramatic differences over time.
Bees were frozen immediately in liquid nitrogen and individually placed in a 1.5 ml tube stored in a −80 ∘ C freezer for further analysis. For transcriptomic profiling, 10 pairs of experimental bees and matched control bees were used for each time-point, summing to a total of 60 bees per colony. The experiment was repeated with 3 different colonies, summing to a total sample size of 180 bees (28 were excluded later as result of infection by deformed wing virus, see below).
Mushroom body dissection and RNA extraction
Bee heads were separated from bodies on dry ice and placed in a dissection dish with pure ethanol and dry ice to prevent RNA degradation during dissection. The cuticle of the head capsule was removed and each head was placed in RNAlaterICE (ThermoFisher, Waltham, MA, USA) at −20 ∘ C for 14-18 h. The heads were then opened, the hypopharyngeal glands removed and the whole brain removed. Using a fine scalpel, the optic lobes were removed and a horizontal incision was made across the midbrain through the posterior protocerebral lobe. The lower part of the midbrain containing the antennal lobes and the subesophageal ganglion were removed. The upper part of the midbrain containing mostly the MBs and the central brain was used for gene expression analysis (Fig. S1 ). The MBs were placed in a new 1.5 ml tube and kept frozen (−80 ∘ C) until RNA extraction. RNA extraction was performed with a PicoPure RNA Isolation Kit (Applied Biosystems, Waltham, MA, USA; Lot #: 1210063) and the standard protocol, including DNase treatment (QIAGEN, Germantown, MD, USA) to remove genomic DNA contamination. 500 ng RNA from each sample (except for 5 samples that yielded 350-500 ng) were used for whole mRNA expression analysis.
RNA sequencing, data processing and analysis
RNAseq libraries were constructed with the TruSeq ® Stranded mRNA HT (high throughput kit, Illumina, San Diego, CA, USA; cat #: RS-122-2103) using an ePMotion 5075 robot (Eppendorf). The libraries were pooled in equimolar concentration as per instructions and each pool was quantitated by quantitative polymerase chain reaction (qPCR). Single-end sequencing (read length = 100 nt) was performed on an Illumina HiSeq2000 using a TruSeq SBS sequencing kit version 3. Fastq files were generated with Casava 1.8.2. Library preparation and RNAseq were performed at the W.M. Keck Center for Comparative and Functional Genomics at the Roy J. Carver Biotechnology Center (University of Illinois). RNAseq produced an average of 20 million reads per sample.
Sequencing reads were trimmed with trimmomatic and aligned to the A. mellifera 4.5 reference genome (Elsik et al. 2014 ) using TopHat2 with Bowtie2. Twenty-eight bees across the 3 trials had a low alignment to the bee genome because of a severe infection with deformed wing virus (over 0.5%) and were excluded from any further analysis. Numbers of reads per gene were counted with HTSeq-count, for 15 314 genes. A total of 10 701 genes had >1 count per million in ≥6 samples and were the ones used for the rest of the analysis. Gene expression levels at each time-point were compared between the experimental and control groups using a GLM, with colony as blocking factor, in EdgeR (Robinson et al. 2010 ) (source code file 1). p-value correction for multiple testing was performed using the false discovery rates (FDR) method (Storey 2002 ); lists of differentially expressed genes (DEGs) were determined based on FDR <0.05. Weighted gene coexpression network (WGCNA) analysis was performed, after normalizing each sample gene count to the average of the gene count in the colony, using the WGCNA package in R (Langfelder & Horvath 2008 ) (source code file 2). Each WGCNA module (cluster of genes) was tested for differential expression because of treatment, time and their interaction.
Bioinformatic functional annotation of DEGs
Gene Ontology (GO) enrichment analysis (Ashburner et al. 2000) was performed on the DEG lists, between experiment and control groups at each time-point. GO enrichment analysis was also performed on lists of genes that comprised the WGCNA modules showing significant different differences between experimental and control groups. GO analyses were performed using an ortholog gene list processed by reciprocal blast from Drosophila melanogaster using the clustering analysis algorithm in DAVID (Huang et al. 2009 ).
Analyses of transcriptional regulation of the MB response to social challenge
To predict which TFs regulate behavior-and time-dependent changes in gene expression, a transcriptional regulatory network (TRN) was constructed using the Analyzing Subsets of Transcriptional Regulators Influencing eXpression (ASTRIX) method [source code is available at (Chandrasekaran et al. 2011)] . ASTRIX uses gene expression data to identify regulatory interactions between TFs and their target genes. Transcriptomic data for network inference using ASTRIX were first quantile normalized and then standardized to have row variances of 1. This normalization procedure allowed us to uniformly interpret the magnitude of the regression coefficients and use their magnitudes to rank the individual interactions. We quantified the accuracy of the inferred model by measuring the root mean square deviation (RMSD). RMSD has the same units as variance, thus providing an estimate for the amount of variance of the gene explained by the model. The predicted targets of TFs were defined as those genes that share very high mutual information (P < 10 −6 ) with a TF and have a high predictive ability (Correlation R > 0.8; i.e. each gene's expression can be predicted by the TRN model with a correlation of over 0.8). The putative regulators with regression coefficients less than 0.1 were pruned out and the final network was determined, which consists of 2509 target genes and 233 TFs. We identified the TFs for which their predicted target genes are enriched in DEGs, as the major regulator of the MB gene expression response to social challenge. TRN modules with more than 10 target genes were further analyzed for GO enrichment using the GO2MSIG database in MATLAB. In addition, we compared this MB social challenge TRN to one previously constructed for whole brain gene expression profiles for 48 different behavioral states and 843 individual bees that relate to aggression, foraging and behavioral maturation (Chandrasekaran et al. 2011) . Overlaps of genes in modules of the MB social challenge network and components of the broader network were assessed by hypergeometric tests. TF-target gene predictions from the MB social challenge network were compared with a fly functional regulatory network built from The ENCODE Project (Roy et al. 2010 ) using flybase gene id numbers. Overlaps were assessed with hypergeometric tests.
Experiment 3: effects of intruder response on brain chromatin accessibility Chromatin immunoprecipitation followed by sequencing (ChIPseq)
Histone H3 acetylated at lysine 27 (H3K27ac) is a marker of chromatin active sites, so sequencing the DNA near this marker provides good information about which genes have their chromatin accessible to TF binding (Creyghton et al. 2010; Rada-Iglesias et al. 2011) . H3K27ac analysis was performed on experimental and control bees sampled from the intruder assay described above at two time-points, 30 and 120 min. Two colonies (different than Experiment 2) were used for this experiment.
The bees were collected into liquid nitrogen as described above for Experiment 2. DNA libraries were prepared from pools of 10 brains. The heads of the bees were freeze-dried at 300 mt for 60 min and brains dissected on dry ice (Schulz & Robinson 1999) . Frozen brains were pooled and homogenized in phosphate-buffered saline (PBS) with protease inhibitor cocktail (PIC) for 1 min using a motor pestle, followed by continued disruption with 20 and 23 gauge needles. Homogenized tissue was cross-linked in 1% formaldehyde for 9 min before it was quenched by adding 2.5 M glycine to a final concentration of 125 mM for 10 min. Homogenate was washed 3 times with cold PBS/PIC using centrifugation steps of 500 g for 5 min at 4 ∘ C. Fixed cells were lysed for 30 min using nuclei lysis solution (0.5% Nonidet P-40, 10% glycerol, 2 mM ethylenediaminetetraacetic acid (EDTA), 50 mM Tris pH, PIC) and centrifuged at 700 g for 5 min at 4 ∘ C. Nuclei were resuspended in 500 ul PBS + PIC and counted by a hemocytometer and centrifuged again. Approximately 2 million nuclei were combined and resuspended in 1 ml shearing buffer (10 mM Tris pH 7.6, 1 mM EDTA, 0.1% sodium dodecyl sulfate (SDS) plus PIC and then sonicated for 20 min in a Covaris Ultrasonicator (Covaris M220). Samples were centrifuged for 10 min at 14 000 g at 4 ∘ C and the supernatant was collected as samples for ChIP. The samples were immunoprecipitated using a Diagenode iDeal ChIPseq kit for histones (Diagenode) according to the manufacturer's instructions except 400 μl sheared chromatin was used as input in the immunoprecipitation reaction rather than 200 μl of sheared chromatin and water; the immunoprecipitation reaction was therefore scaled up twofold. A 2 μl H3K27Ac antibody (Abcam 4729) was used for each IP with 20 μl magnetic beads. All steps pertaining to washes, reverse cross-linking, and DNA purification was followed exactly. After ChIP, immunoprecipitated DNA was quantified using a Qubit 2.0 with the dsDNA high-sensitivity quantification kit (ThermoFisher) and size distribution determined by running the samples on a 2% E-Gel EX (ThermoFisher).
DNA sequencing and data analysis
Libraries of H3K27ac-ChIP marked DNA were prepared using KAPA LTP library Preparation Kits (Illumina platform) (KAPA) with Illumina-compatible adaptors (Bioo Scientific, Austin, TX, USA). The 5-7 ng IP DNA was used as the starting input. The protocol was followed as per manufacturer's instructions and included two post-adapter ligation cleanups and a size selection step, selecting for DNA between 200 and 500 bp in size. All clean-up steps used Agencourt AMPure XP beads (Beckman-Coulter, Indianapolis, IN, USA), 10-11 cycles of PCR amplification were performed. Libraries were quantified using the dsDNA high-sensitivity quantification kit (ThermoFisher) and library size was assessed on a Bioanalyzer high-sensitivity DNA chip (Agilent Technologies, Santa Clara, CA, USA). Libraries were made for experimental and control bees for 2 time-points (30 and 120 min) from 2 colonies, for a total of 8 samples. In addition, 2 IPs were performed as technical replicates with a single input control sample for a total of 24 libraries. The libraries were created and pooled to a final concentration of 10 nM and sequenced on a single lane of an Illumina HiSeq 2500 Sequencing machine using a TruSeq SBS sequencing kit version 4.
Sequence data were mapped with Bowtie2 to the honey bee A. mellifera 4.5 reference genome, using default settings (Langmead & Salzberg 2012) . Mapped sequence data were analyzed using Hypergeometric Optimization of Motif EnRichment (HOMER) v4.7. Samples were converted into Tag Directories, and quality control was performed using read mapping and guanine-cytosine (GC) bias statistics. Histone peaks were called from the Tag Directories with default settings; except local filtering was disabled and input filtering was set at twofold over the background to increase the sensitivity of the peak calling. After peak calling, peak files were annotated using the honey bee genome with HOMER's annotation script to assign peaks to genes, and associated peaks with differential expression data. Honey bee genome annotation set OGSv3.2 was used. BigWiggle pileup files were generated using HOMER's makeBigWig.pl script with default settings and visualized with the UCSC Genome Browser (Karolchik et al. 2003) . Differential H3k27ac chromatin peaks were identified using the HOMER getDifferentialPeak.pl script, which looks for any peaks that change at least twofold between conditions experimental groups with p-value of 10 −4 . Differential peak sets were annotated to be enriched in the experimental or the control group, and identifying the closest transcription start site (TSS) to each differential peak allowed us to determine the gene likely to be most affected by the change in the accessibility. This list of genes was subjected to GO enrichment analysis and also was used for comparison with the DEG lists generated in Experiment 2.
Cis-motif enrichment analysis
We identified enrichment of specific cis-motifs in promoters of differently expressed genes at each time-point. Promoters were defined as regions 5 kb upstream of the TSS of each gene. First, we used the Stubb algorithm (Sinha et al. 2006 ) to identify sequence segments with significant presence of a TF binding motif (position weight matrix), scanning the genome with 500 bp windows with a 250 bp shift size. A tandem repeat masker (Benson 1999 ) was used prior to scanning the genome. Our motif collection included 223 D. melanogaster B1H motifs, from Fly Factor Survey (Kazemian et al. 2013; Zhu et al. 2011) . The Stubb score of a window was compared with an empirical distribution of analogous scores from windows of similar G/C content, and converted to an empirical p-value. A gene promoter was scored by the minimum of empirical p-values assigned to windows within it. To incorporate accessibility information (captured by H3K27ac ChIPseq peak calling), we required that the motif score of a 500 bp window be considered only if the window had accessibility scores in the top 10 percentile.
The top 500 promoters (with an additional requirement that their Stubb empirical p-value is < 0.05) for each given motif were then identified, and the respective genes were the 'motif target set.' Hypergeometric tests were performed between each motif target set and each up and downregulated gene set. (Note that we incorporated accessibility information from the same time-point as the DEG set, except for DEGs at 60 min for which we used accessibility at 30 min.) Hypergeometric test p-values were subjected to an empirical FDR estimation to correct for multiple hypothesis testing (223 motifs tested for each DEG set).
Statistical analysis
Behavioral and transcriptomic data from Experiments 1 and 2 were performed in R. The TF network was built using the ASTRIX algorithm and analyzed in MATLAB. ChIPseq data from Experiment 3 were analyzed using HOMER. Detailed descriptions of the methods used for statistical analysis for each experiment can be found in their individual subsections. Cis-motif analysis was performed using the Stubb algorithm. RNAseq and ChIPseq data are available at Gene Expression Omnibus (GEO) number GSE85878: http://www.ncbi.nlm .nih.gov/geo/query/acc.cgi?acc&thinsp;&equals;&thinsp;GSE85878. Figure 1: Effects of aggressive behavior on future behavioral response: response probability. The percentage of bees that responded in a highly aggressive manner to a second intruder was significantly higher if the bees responded aggressively to a first intruder (***p ≤ 0.001 in 2 test followed by Bonferroni correction), number of individual bees observed is at the base of each column.
Results
Experiment 1: effects of response to intruder on future behavior
Intruder exposure elicited a strong and consistent behavioral response. An average of 31% of the bees in each group (Colony 1: 31% ± 1.4%, N = 110 groups; Colony 2: 32% ± 1.6%, N = 98 groups) responded with the highest levels of aggression, i.e. exhibiting >1 act of biting and/or stinging toward the first intruder. We measured the effect of exposure to an intruder on the reaction to a second intruder, presented 30, 60 and 120 min after the first one. Individuals that behaved highly aggressively toward the first intruder had a significantly elevated probability of responding aggressively to a second intruder at all time-points, >70% higher relative to bees that did not respond to the first intruder (chi-square test; 2 (1) ≥ 13; p ≤ 0.001; Fig. 1 ). Bees that responded to both intruders also showed an increase in aggression intensity toward the second encounter (ANOVA: colony (F 1 ) = 6.5, p = 0.011; observation (F 1 ) = 6.1, p = 0.014; time F = 0.05, p = 0.95). The response to the second intruder was significantly more intense if it was presented 60 min after the first intruder (observation:time: (F 2 ) = 2.78, p = 0.063; Tukey's post hoc test: 30 min, p = 0.074; 60 min, p = 0.004; 120 min, p = 0.67; Table 1 ).
Experiment 2: effects of response to intruder on MB gene expression over time
RNAseq analysis from 152 bees from three unrelated colonies showed that responding aggressively to an intruder elicited a strong and consistent transcriptomic response in the MB, as well as a dynamic response that changed over time. There were 1039 DEGs in response to the intruder, 107 DEGs related to the time-point and 238 DEGs related to the interaction of intruder and time-point (GLM, FDR < 0.05, Table S1 ).
In pair-wise comparisons there were 439, 279 and 1151 DEGs detected at 30, 60 and 120 min, respectively, after an aggressive response to an intruder, compared with control bees that were presented with an inanimate object (Fig. 2a, Table S2 ). There were large numbers of genes whose expression varied as a function of behavioral response or time, showing a dynamic transcriptomic response that changed over time. The overlap between the DEG lists for the three time-points was small -only 10 genes were differentially expressed across all 3 time-points (Fig. 2a) .
Although the overlap was small, it was statistically significant ( 2 (1) = 64.5, p < 0.001). One shared gene was the immediate early gene Hr-38 (homolog of Nr4a1 in vertebrate), an early response gene that is involved in signaling neural activity (Fujita et al. 2013) , is known to be highly expressed in the MB of older (i.e. more aggressive) bees (Yamazaki et al. 2006) , and is related to aggression in mice and fish (Malki et al. 2016; Rittschof et al. 2014) . Other shared genes included crebB, a well-established component of memory formation (Lamprecht 1999) , and labial, a homeobox gene involved in brain development in D. melanogaster (Hirth et al. 1998 ) and predicted to be a major regulator of behavioral maturation in honey bees based on a model of a bee brain TRN (Khamis et al. 2015) . The immediate early gene Egr-1, which is related to learning in bees (Lutz & Robinson 2013) , was also upregulated at the 30-and 60-min time-point. These results show that dynamic changes in MB gene expression continue to occur for at least several hours after a short exposure to intruder.
Using GO analysis, we found that genes downregulated 30 min after the aggressive response were enriched for 'oxidation reduction' and 'cytoskeleton and myosin-II,' while upregulated genes were enriched for 'steroid hormone receptor activity' and 'heat shock proteins.' Genes downregulated 60 min after the aggressive response also were enriched for 'cytoskeleton-myosin-II complex.' Genes upregulated 120 min after the aggressive response also were enriched for 'steroid hormone receptor activity' and 'heat shock proteins,' (as was the case at 30 min) and also for 'chromosome organization' (Fig. 2b, Table S3 ).
We compared our results on the MB response at 30 min to a similar experiment that analyzed whole brains . There was an overlap of 13 DEGs (hypergeometric test p = 0.003), including 8 genes related to the cytoskeleton-myosin-II complex GO term. This overlap of results is not surprising given that the MB accounts for ca. 40% of the volume of the entire honey bee brain (Mobbs 1982) . The finding also highlights the involvement of cytoskeleton-related genes in the brain's response to this social challenge.
We used WGCNA analysis to show patterns of coexpressed genes (modules) in response to the intruder over time and focus on the eigengenes (a variable derived from the first principal component of expression in a module that represents the gene expression profile in a module; see Langfelder & Horvath 2008) . The eigengenes were differentially expressed in response to social challenge in 5 of the 12 modules (ANOVA, p < 0.05). Two eigengenes, belonging to modules 6 and 12, also showed differences between the three time-points (M6, p = 0.01, M12 p = 0.07). Module 6 included 457 genes and was upregulated most strongly at 120 min, again indicating that the 120 min response was the strongest. Module 6 enrichment GO terms are similar to the GO terms enriched in the DEG list for genes upregulated 120 min after the response, as expected, but also include the GO term 'neuron development,' which was not significant in the DEG GO analysis. Module 12 included 41 genes and was downregulated for the first two time-points; furthermore, it was significantly enriched for a single GO term, 'cytoskeleton/myosin-II complex,' paralleling the DEG lists downregulated at 30 and 60 min after the response (Fig. 3 
Transcriptional regulation of the MB response to social challenge
Using the RNAseq profiles from all 152 animals, we reconstructed a MB social challenge TRN using the ASTRIX method (Chandrasekaran et al. 2011) . ASTRIX allowed us to identify the TFs predicted to be driving the MB's gene expression response to social challenge. The reconstructed TRN included 6145 interactions between 233 TFs and 2509 target genes (Fig. 4 , Table S5 ); 159 TFs were predicted to each regulate at least 10 target genes. The GO enrichment terms for TFs and their targets in the TRN showed similarities to the GO enrichment terms for the 120 min DEG list and WGCNA M6. Similar terms included neuronal-related terms like 'axon development,' terms related to metabolism including 'oxidation reduction,' and terms related to epigenetic changes including 'chromatin organization' ( Table S5 ). Genes that were differentially expressed at the 120 min time-point were significantly overrepresented among the genes in the MB social challenge TRN (298 genes, hypergeometric test, p < 0.001). By contrast, overrepresentation was not observed for DEGs from the 30-or 60-min time-points. The 120 min DEG set also was enriched for genes from WGCNA M6 (hypergeometric test, p < 0.001). This result might reflect an overall stronger and more coherent response at 120 min relative to the two earlier time-points, which allows it to be better captured in the TRN analysis.
The MB social challenge TRN showed significant similarities to a regulatory network reconstructed from chromatin binding data from D. melanogaster as part of the modEN-CODE project (Roy et al. 2010 ). There were 217 shared interactions (between 60 TFs and 194 targets) for both networks (Table S5) , based on 5809 high-confidence orthologous genes between the species (hypergeometric test, p < 10 −9 ).
Experiment 3: effects of response to intruder on brain chromatin accessibility
Using an antibody against histone H3 acetylated at lysine 27 (H3K27ac), we measured the number of differentially accessible chromatin peaks (DAPs, defined as a ≥ twofold change in peak difference at p < 10 −4 ) between the experimental and control groups 30 and 120 min after exposure to the intruder, in whole brain samples from two different honey bee colonies. There were 105 and 70 DAPs at 30 min, compared with 73 and 68 DAPs at 120 min, for Colonies 1 and 2, respectively. DAPs accounted for only 0.09-0.24% of baseline peaks (Table S6 ). There were no overlaps in DAPs across time-points and no overlaps in DAPs at the same time-point between the two colonies, although some genes exhibited significant DAPs in one colony that fell just short of the twofold cutoff in the replicate colony (Fig. 5) . However, 22 genes were each both differentially expressed in Experiment 2 and located close to a DAP, a significant overlap : Transcriptional regulatory network reconstruction shows interactions between transcription factors as a major part of the MB transcriptomic response to social challenge. Each node in the network is a single TF, the size of the node represents the relative number of targets of the TF, the name of the TF is near the node. Differentially expressed TFs are in blue, TFs whose targets were enriched for DEGs are circled with a black line. TFS previously predicted to regulate honey bee aggression or behavioral maturation are highlights with yellow background, with aggression TFs also in bold. This TRN is enriched for DEGs from the 120 min time-point, and many of the major nodes are common to the nodes in a previously published TRN that analyzed brain gene expression in guard honey bees (Chandrasekaran et al. 2011) . This similarity suggests that the response to an intruder shifts the MB gene expression profile to a more guard-like state.
(hypergeometric test, p = 0.03). We suggest that changes in chromatin accessibility may have influenced the expression of these genes in response to the intruder. Otherwise, the relatively minor changes in chromatin configuration suggest that changes in gene expression observed in response to an intruder largely occurred in regions of the genome that already are open to TF binding. The set of DAP-related genes at 30 min was enriched for the GO term 'neuron differentiation,' and the 120-min related DAPs were enriched for 'ion channel activity' (Table S7 ). This set included Dop1R2, a gene encoding a receptor for the prominent neurotransmitter dopamine, which was upregulated at 30 and 60 min and differentially accessible at 120 min. Two genes related to the regulation of circadian rhythms also were in this set of genes. Vrille (Vri) was upregulated at 30 and 120 min and cycle (cyc) was upregulated at 30 min. Both genes showed differential chromatin accessibility: Vri at 30 min (Fig. 5 ) and cyc at 120 min. Aside from these 22 genes, the other genes on the DEG lists showed significant overlap with the genes located in the regions of open chromatin that were accessible in both experimental and control conditions, i.e. already accessible to TFs and other components of the regulatory apparatus prior to intruder exposure.
Cis-motif enrichment analysis
We used results from both Experiments 2 and 3 to further explicate the TFs likely to be involved in regulating the MB transcriptomic response to an intruder. This was carried out by bioinformatically identifying cis-motifs of specific TFs (based on D. melanogaster FlyFactorSurvey database) for DEGs from Experiment 2 at each time-point within regions located 5 kb upstream of the TSS of each gene. Limiting motif analysis only to open chromatin intervals within these 5 kb regions significantly sharpened the cis-motif results (Table S8) .
For genes upregulated 30 min after exposure to an intruder, the accessible upstream regions showed enrichment for cis-motifs for the TFs Hsf (Heat shock factor), SuH, Trl and Vri. For genes upregulated 120 min after exposure to an intruder, the promoter regions showed enrichment for 34 cis-motifs (Table S8) , including those for the TFs Hsf , brk, Eip74E, Max and Shn, all of which are also present in the social challenge TRN (above). Overall, 16 of 37 (43%) of the TFs whose cis-motifs were enriched in the promoters of the DEGs were also predicted from TRN analysis to regulate the MB transcriptional response. Four of these 16 TFs were themselves upregulated: Egr and Vri at 30 min and Usf , Trl and Vri at 120 min. These findings strengthen connections between TFs and their predicted targets, underscoring the strong role played by a relatively small subset of TFs in the MB's transcriptomic response to social challenge.
Discussion
We combined behavioral and several types of genomic analyses to better understand the biological embedding of social experience in the brain over time. Overall this study has produced two key findings. First, both behavioral and transcriptomic responses lasted for at least several hours ApiMel4.5 3,040,000 3,045,000 3,050,000 3,055,000 3,060,000 3,065,000 after the response to an intruder, showing enduring effects of acute social challenge. Second, the converging results of several different types of analysis (transcriptomic, WGCNA, TRN, epigenetic and bioinformatics cis regulatory scans) all underscore the strong role played by a relatively small subset of TFs in the MB's transcriptomic response to social challenge. These results provide new insights into the ways in which a social challenge experience affects specific molecular systems in the brain. These changes are then likely involved in changing the likelihood and the intensity of an individual responds to a social challenge in the future. The outcome of an animal's experience in agonistic conflicts with rivals has an effect on future behaviors, which is often framed in terms of winner and loser effects (Benelli et al. 2015; Hsu & Wolf 1999) . Similarly, we found that responding aggressively to an intruder affects future behavior. Individuals that respond aggressively to the first intruder had an elevated probability of responding to a second intruder. The elevated probability continued for 2 h, but the increase in the intensity of the response waned after 1 h. Similar effects have been seen in D. melanogaster aggression, with differences in the time-course of response probability and response intensity (Benelli et al. 2015; Trannoy et al. 2016) .
Responding aggressively to an intruder caused a large and persistent change in the expression of hundreds of genes in the MB of the honey bee brain. The MB is a region of the insect brain well-known for multimodal sensory integration, learning and memory (Devaud et al. 2015; Fahrbach 2006; Heisenberg 2003) . The MB has been studied extensively in the context of foraging (Fahrbach 2006) and learning, especially in Drosophila and honey bees (Davis 1993; Menzel & Muller 1996) , but relatively few studies have examined the role of this prominent insect brain structure in the regulation of aggression and social interactions (Lutz & Robinson 2013; Lutz et al. 2012; McNeill et al. 2016; Molina & O'Donnell 2007; Rittschof et al. 2014; Sen Sarma et al. 2009; Zwarts et al. 2012) . Our results, together with these previous findings, strongly implicate the MB as part of a socially responsive circuit in the brain, analogous to the social decision-making network identified for vertebrates (O'Connell & Hofmann 2012) .
The MB transcriptomic response to an intruder changed dramatically over time. Overall the time-course of the transcriptomic response was different than the time-course of the behavioral response. The behavioral response was strongest 60 min after intruder exposure, while the transcriptomic response was strongest 120 min after intruder exposure, on the basis of the relative sizes of DEG lists. However, there are specific components of the time-dependent transcriptomic response that are correlated with the time-dependent behavioral changes, as described in the following paragraphs. It is tempting to speculate about possible functional relationships between these genes and behavior, but at present only correlational information exists.
One prominent element of the MB transcriptomic response to an intruder that correlates with the shorter-lived behavioral response (increase in aggression intensity) involves downregulation of cytoskeleton/myosin-related genes. This result was obtained from differential expression and WGCNA analyses (module 12) and is consistent with previous results from a comparative study of the 30-min response to a territorial intruder in honey bee whole brain, stickleback fish and mice . Cytoskeletal and myosin-related genes encode proteins critical both for synaptic scaffolding of the pre and postsynaptic neurons as well as vesicle trafficking in the presynaptic neurons; they are thus important in neuronal modulation (Kneussel & Wagner 2013) . Numerous studies have implicated myosin and myosin-related genes, such as the myosin light chain kinase (MLCK ), in various forms of learning and memory in rodents (Gavin et al. 2012; Kneussel & Wagner 2013; Lee et al. 2008; Srinivasan et al. 2008) . We speculate that a fast decrease in the expression of myosin-related genes in presynaptic neurons after exposure to an intruder results in the trafficking of vesicles from the reserve pool into the active pools (Srinivasan et al. 2008) , which may contribute to a quick but relatively transitory sensitization of the neurons, causing a short-lived increase in aggression intensity.
The element of the MB transcriptomic response to an intruder that correlates with the longer-lived response (increase in aggression probability) involves changes that shifted the neurogenomic state to resemble that of guard bees, which patrol the hive entrance for intruders. This assertion is based on the fact that 14 of 16 of the major regulators of colony defense behavior identified in a previously published whole-brain honey bee TRN (Chandrasekaran et al. 2011) played key roles in the social challenge MB TRN (hypergeometric test, p = 0.04). Five of them were upregulated in the experimental group (CTCF, YL-1, Ets97D, Deaf1 and Su(var)2-10) and their predicted targets were enriched for DEGs. In addition we found cis-motifs enriched in the promoters of DEGs for two of the predicted major aggression regulators, Trl and Hsf (Alaux et al. 2009 ). This finding is also supported by the genes in WGCNA module 6, with significant increased expression over time, showing a shift in gene expression consistent with the long-lasting behavioral effects.
Two pathways temporally associated with this guard-like neurogenomic state relate to heat shock proteins and endocrine signaling. Genes encoding the heat shock proteins Hsp83, and Hsp60, all showed differential gene expression at 30 and 120 min. Cis-motifs for heat shock factor (Hsf) were also enriched in the DEGs sets at both 30 and 120 min. The second pathway related to endocrine signaling included the genes EcR, USP, Hr-38 and Hr-51, which were upregulated at both 30 and 120 min. Several of these DEGs and other endocrine-related TFs were identified in the MB social challenge TRN, including USP, ftz-f1 and Kr-h1, which are known to be involved in juvenile hormone (JH) signaling (Pandey & Bloch 2015) . Hsp83 is also involved with JH signaling (He et al. 2014) , which suggests that the stress response and endocrine signaling may be functionally linked. Tibbetts and Huang (2010) have also suggested that JH is involved in responses to social challenge in wasps, analogous to the action of androgens in vertebrates (Wingfield et al. 1990) . It is well established that JH treatment accelerates behavioral maturation in honey bees and shifts the brain gene expression profile of less aggressive younger bees toward a more mature and therefore more aggressive state (Robinson 1987; Sullivan et al. 2000; Whitfield et al. 2006) . Our results show that a similar neurogenomic state can be induced by acute experience.
Consistent with the short timeframe of the observed transcriptomic response, the H3K27ac ChiPseq results indicate that most of the observed changes in gene expression occurred in already accessible regions of the genome. Similar results have been found for auditory learning in songbirds (Whitney et al. 2014) . By contrast, differences in chromatin accessibility in the brain are involved in determining longer-term, caste-specific differences in behavior in the ant Camponotus floridanus (Simola et al. 2016) , suggesting different roles for chromatin remodeling in long-term stable behavioral state than in response to acute social signals.
However, there are two caveats to the H3K27ac ChIPseq results. First, the DEGs were derived from analyses of the MB while the DAPs were derived from chromatin of whole brain; small changes in chromatin regions within specific MB neurons might thus have been masked by a relatively stable chromatin profile across the whole brain. Second, there were strong colony differences in all our experiments, so larger numbers of colonies might need to be studied to obtain a better understanding of the relationship between changes in gene expression and changes in chromatin accessibility. Colony differences have been observed in virtually all of the many transcriptomic studies of honey bees conducted to date, and are attributable to both genetic and environmental influences (Zayed & Robinson 2012) .
The H3K27ac ChIPseq results were nevertheless extremely useful in improving the ability to identify TFs predicted to regulate the changes in MB gene expression that occurred in response to social challenge. Limiting motif analysis only to open chromatin intervals enabled us to more robustly identify cis-motifs linked to several TFs, as has been done in other contexts .
We also detected changes in the expression of genes involved in metabolism. This type of transcriptomic response has been observed in whole brain analyses of the response to alarm pheromone in honey bees (Alaux et al. 2009 ). It also has been confirmed by metabolomic analysis (Chandrasekaran et al. 2015) and functionally validated with pharmacological and genetic manipulations, in honey bees and Drosophila, respectively; a decrease in oxidative phosphorylation in the brain causes an increase in aggression. Our findings provide further evidence to support the idea that aggression is related to changes in brain metabolic process.
The MB social challenge TRN showed significant similarities to a regulatory network reconstructed from chromatin binding data from D. melanogaster as part of the modEN-CODE project (Roy et al. 2010) . This is noteworthy given that the evolutionary distance between flies and bees is approximately 275 million years (Savard et al. 2006) . Together these results suggest that the transcriptomic response to an intruder in the honey bee MB involves a rich, coherent and evolutionarily conserved set of interactions between TFs and many target genes.
The response of an animal to a social challenge, particularly an existential challenge like a territorial intruder, requires multiple neural and endocrine systems to interact to trigger an immediate response and to adjust future behavior to anticipate the next challenge. By integrating transcriptomic profiling with a variety of analyses of transcriptional regulation, we have identified several biological processes that are likely to be involved in either or both of these responses. An important issue for the future is to study how these molecular pathways interact with neural circuits in the MBs and elsewhere to regulate the behavior. This study provides the foundation to understand how immediate experience shapes neural circuits to respond more appropriately in the future. 
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